Degraded craters on Mars record the cumulative effects of the complex interplay between erosion, transport and deposition by competing intermittent processes. Fommately, impact craters are instantaneous landforms common to both the Earth and Mars that are characterized by similar topography and local lithofacies. Deconvolving the signatures of individual degradation processes around young craters on Earth (e.g., drainage scale and density, changing wall slope, deflation features) allows calibrating degradation signatures around craters on Mars and places firstorder limits on controlling processes and perhaps past climates. Such comparisons are valid despite differences in vegetation cover and time scales over which activity occurs on the two planets. Analysis of degradation at Meteor Crater, Lonar Crater, and Talemzane Crater reveals a terrestrial sequence of advancing degradation by fluvial, eolian, and mass wasting processes. At Meteor Crater, fluvial processes currently dominate primary erosion; however, combined deflation from the ejecta and both alluvium and colluvium make eolian processes most important in overall ejecta degradation. Lonar and Talemzane reveal that advancing fluvial degradation is characterized by larger drainages and decreasing wall slopes. At Talemzane, interior drainages breach the rim-crest and pirate headward regions of exterior drainage basins. When comparable degradation signatures resolvable at Viking resolutions are used in selected areas on Mars, important differences from the terrestrial sequence are revealed. All morphologies of craters in southem Ismenius Lacus (SIL) are typically incised by small valleys with low drainage densities, display rare alluvial deposits, possess walls sloped at the angle of repose, and are sometimes partially covered by airfall deposit remnants. Analogy with the terrestrial craters indicates signatures associated with advancing fluvial degradation should be readily detected on Mars. Together with other differences between degraded craters on the two planets, the paucity of fluvial signatures in SIL implies that mass wasting and eolian activity predominated degradation of martian craters preserved since the Hesperian. Crater statistics for SIL indicate most craters were degraded during geologically brief intervals in the Noachian and mid-Hesperian. Therefore, fluvial signatures preserved in SIL imply any runoff since the Hesperian was short lived, locally debouched, and unrelated to rainfall.
Mapping suggests that SIL is underlain by ancient (Noachian) cramred uplands containing considerable reworked and possibly volatile-rich material derived from mixed erosional deposits, impact breccias and volcanics, all of which may be covered by younger (Hesperian) eolian and/orvolcanic mamrial [Lucchitta, 1978; Greeley and Guest, 1987; Grant, 1990] . Of a more recent and less intense nature, Christensen [ 1986] estimated that orbital forcing could induce minor changes in dust sources/sinks, thereby creating thin (0.1-5.0 m) dust layers every 105-106years in nearby Arabia. Other studies of crater relicts in Arabia indicam that the region acted as a much longer term sink for air-fall deposits closely resembling the polar layered terrains and with thicknesses exceeding 1 km in inmrcramr regions and 3-4 km within large craters [Schultz and Lutz, 1988] . Finally, Mouginis-Mark [1987] suggesmd that channeling in and around Cemlli was caused by release of wamr incorporamd into the ejecta during crater formation.
Climate history. Analyses of crater statistics and regional surface morphology reveal at least two epochs of increased gradation affecmd the geomorphic evolution of SIL (Figure 3) [Grant, 1990; Grant andSchultz, 199 lb] and were likely relamd to periods ofmore clement climate induced by release of either recycled exogenic [Schultz, 1988; Grant and Schultz, 1990] or juvenile endogenic [Greeley, 1987] atmospheric volatiles. The Errst epoch occurred from the time of the Hellas and Isidis impacts until the time ofmid to late Noachian highlands intercrater plains formation [Grant and Schultz, 199 lb; Greeley and Guest, 1987] . Raised rims around many craters were destroyed during this epoch (defined as rimless if the raised rim surrounds less than 50% of the crater). The second gradational epoch occurred during the Hesperian and was dominated by emplacement and modification of a volatile-rich air-fall deposit [Grant and Schultz, 1991 b; 1991 c; 1991 d ]. An earlier end to the Hesperian activity in eastern sections allowed more complem preservation of air-fall deposits than farther west where gradation continued until the peak of outflow channel formation [Greeley and Guest, 1987] . Gradation in eastern SIL ceased conmmporaneously with ridged plains emplacement to the east [Dimitriou, 1990] and the end of air-fall deposition/erosion elsewhere on the planet [Schultz, 1988; Schultz and Britt, 1986 By contrash present conditions at Lonar were preceded by a wet period from -9-6 ka and wet conditions occurred at Talemzane Depositional environments inside the basin include: exposed ejecta (buried by <20 cm colluvium) that comprises 38% of the surface, mostly (72%) in near-rim regions; colluvium covering 26% of the basin and surrounos ejecta on the lower flank; and alluvial fans and diffuse drainages that bury 19% and 17% of the surface, respectively. The distribution of these deposits can be converted to volume estimates using sample pits and ground penetrating radar prof'fles to constrain thicknesses [Grant and Schultz, 1991e Deflation off alluvium in the basin is constrained using: phreatophyte mound relief on diffuse drainages, subsurface alluvium versus surface coarse-grained lag sedimentology, and the paucity of exhumed, carbonate coated blocks. A minimum deflation of ~15 cm from alluvium is given by phreatophyte mound relief on diffuse drainages; however, a more realistic estimate is obtained by examination of lag deposits capping most alluvium. These 1-3 cm thick lags contain ~10 times more coarse fragments (>2 mm) than the subsurface alluvium and could be produced by up to ~30 cm deflation (assumes lags formed in situ by accumulation of coarse grains without eolian deposition [Grant, 1990] ). Because deflation of more than 2-3 times this amount from the alluvium would destroy lateral continuity with colluvium and ejecta and exhume numerous carbonate coated blocks, a maximum of ~70 cm deflation is predicted. Comparable deflation is estimated for continuously exposed ejecta based on analyses of windstreak sedimentology and volume [Grant, 1990] 
(J.A. Grant and P.H. Schultz submitted paper, 1992).
Deflation from colluvium in the basin can be constrained using stratigraphic position and grain size. First, colluvium occurs above the ejecta and beneath most alluvium, thereby indicating an intermediate exposure age. Second, relative to the Kaibab ejecta, colluvium is depleted at coarse grain sizes (>10 cm) and enriched (by 1/3) at grain sizes susceptible to deflation (grains smaller than <1.0 phi by analogy with windstreak sediment). Because age and susceptibility to deflation should cancel when considering colluvium versus ejecta deflation, minimum, best, and maximum estimated deflation for the two deposits are comparable: 20 cm, 45 cm, and 70 cm, respectively [Grant, 1990] 
Deflation from ejecta prior to burial beneath colluvium and alluvium (as well as deflation from colluvium before being covered by alluvium) also needs to be accounted for. Assuming buried ejecta surfaces were exposed for an average of 1/2 the crater age gives a best estimate of deflation of ~1/2 that predicted for the continuously exposed ejecta or ~25 cm. There was no deflation if burial occurred immediately after emplacement, but may have been as much as 55 cm if the burial age is only ~10,000 years or the minimum probable age of most deposits (0.8 times the maximum 70 cm deflation estimated for the continuously exposed ejecta [Grant, 1990] ) (J.A. Grant and P.H. Schultz submitted paper, 1992). Colluvium beneath alluvium averages -1/2 the thickness of exposed colluvium. Again assuming a burial age of 1/2 the crater age implies deflation is ~1/2 that ofthe exposed colluvium or ~25 cm. Arguments similar to those outlined for deflation of buried ejecta yields comparable minimum/ maximum values of 0/55 cm for the now buried colluvium.
Using these corrected volumes, the total mass of fiuvially transported and deflated sediments on the ejecta at Meteor Crater can now be estimated. First, the mass of alluvium (fans and diffuse drainages) in the basin is between 280,000 and 520,000 metric tons with a best estimate of 360,000 tons (for a density of ~1800 kg/mZ). Second, colluvium mass is between 190,000 and 500,000 tons, but is likely closer to 330,000 tons (for a density of ~2000 kg/mZ). By comparison, deflation from ejecta in the basin (density of ~2150 kg/mZ; Regan and Hinze, 1975] amounts to between 80,000 and 620,000 tons with a best estimate of 340,000 tons [Grant, 1990] At face value, then, the total mass transported by fluvial processes (alluvium plus colluvium, assumes colluvium is formed by surface wash) appears to be twice that removed by eolian deflation; however, active deflation from developing alluvial and colluvial deposits could affect these relative roles. If colluvium is entirely the result of mass wasting (i.e., nontluvial transport) then primary fluvial erosion still equals or slightly exceeds deflation. This situation is unlikely because the ejecta surface is anchored by blocks and surface terracertes are not observed. Primary fluvial erosion should account for ~40% total primary erosion even in the following extreme case where (1) colluvium is formed by equal surface wash andmass wasting; (2) deflation from the alluvium and colluvium is minimal (i.e., minimize mass of the deposits); and (3) deflation from exposed ejecta is maximized. Such an extreme case is also unlikely because eolian deposits downwind of the semi-enclosed basin are dominated by sediments whose modal grain size reflects deflation from alluvium rather than ejecta (based on comparisons of alluvium and windstreak grain sizes [Grant, 1990] Craters in SIL whose ejecta and/or rim-crests are dissected by valleys are rare relative to the number of craters mantled by air-fall sediments. Positive identification of alluvial deposits in and around most craters is also rare, such alluvial deposits are generally small and limited to partial filling of small primary or secondary craters on the ejecta or wall terraces (e.g., Cemlli, Figures 10a and 10b) . Alluvium comparable to the diffuse drainages around Meteor Crater is not yet observed.
DISCUSSION
Signatures identified in and around the terrestrial craters can be used to place first-order constraints on degradation styles and processes. In tum, this degradational sequence can be compared with the signatures associated with craters in SIL to infer processes responsible for their appearance. However, these comparisons possess limitations that must farst be acknowledged. As noted earlier, differences in vegetation, lithology, and climate between the Earth and Mars accounts for a factor of 2-3 variability in overall degradation style and result in considerably higher degradation rates on the Earth. Relatively lower resolution coverage also hampers identification of subtle degradation signatures on Mars. While such factors preclude detailed quantitative definition of the role of individual processes in crater degradation on Mars, they do not alter the first-order signature of a process, especially at advanced degradation when the scale of diagnostic features increases.
Terrestrial Signatures
The following degradation sequence can be assembled for Meteor Crater, Lonar, and Talemzane. Downslope mass wasting dominates initial degradation of the crater interiors as illustrated by relict debris chutes and aprons inside Meteor Crater. Fluvial activity quickly superseded mass wasting as ejecta was stripped from crater walls and more coherent country rock became exposed. Outside the crater, initial primary degradation was briefly dominated by deflation prior to development of surface-stabilizing coarse-grained lag deposits (Table 2) (Table 2) . Drainage outside the craters evolves at a significantly slower rate as lower slopes, residual gully floor block accumulations (>20-30 cm), and the high infiltration capacity of the ejecta all contribute to reduced ranoff and lessened stream power (Table 2 ). These observations are consistent with the established paradigm that degradation rams depend on local relief. Nevertheless, the smaller systems outside the crater possess drainage densities and reliefratios indicating efficient surface drainage during high magnitude storm events [Horton, 1945; Patton and Baker, 1976] . The distribution of alluvium at Meteor Crater conf'mm that early drainage character remains controlled by original ejecta topography: incisement occurs along steepest slopes (upper walls and flank) while deposition characterizes lesser slopes (crater floor and near the base of the flank) and low relief swales in the distal ejecta. In addition, surface wash and perhaps limited surface creep combine to form colluvial wedges around most ejecta highs.
Eolian activity is also important in early primary degradation outside the craters and predominates in some settings when the effects of secondary deflation from alluvium and colluvium are considered (Table 2) . Surprisingly, little in situ evidence of this erosion persists atMeteor Crater: the windstreak reflects only ~15 cm and ~35 deflation from Kaibab and Coconino ejecta source areas, respectively [Grant, 1990] A paucity of groundwater sapping morphology and a large ratio of alluvium to incised channel volume demonstrates fluvial systems are dominated by runoff following high magnitude precipitation events despite a high infiltration capacity. This is consistent with measured drainage demities, relief ratios, and the conclusion that drainages on the flanks of Meteor Crater once received sediment from mid and headward portions of their drainage basins rather than from erosion within incised channels as is currently the case. 1992] model will provide a minimum relative age for all but the most degraded cratered surfaces. The correct approach should include an assessment of evidence for styles of erosional processes.
SUMMARY AND IMPLICATIONS
On the Earth, crater degradation produces distinctive signatures that can be identified through field investigations and can be used to quantify the changing rate and role of individual processes through time, thereby establishing a first-order degradational sequence. In general, fluvial activity dominates overall degradation of the examined terrestrial craters; however, in some arid settings the combined effects of combined primary and secondary deflation can ultimately dominate transport of weathered ejecta beyond the rim. tion as resistant outcrops are exposed by backwasting.
Similar signatures of fluvial activity should be identifiable in and around degraded craters in SIL even though they may evolve over much longer time scales than on the Earth. Therefore, low drainage densities and a paucity of alluvial deposits associated with relatively pristine craters in SIL (both simple and complex) may not preclude fluvial acuvity or the possibility of a once more equable climate, but simply reflect the small scale of fluvial signatures during early fluvial degradation. The larger scale of fluvial features evolved around the more degraded Lonar and Talemzane craters, however, indicates that such signatures (e.g., rim breaches, moderate drainage densities) should be identifiable around degraded craters in SIL yet are not. Hence, additional processes are needed to explain crater degradation. Crater walls sloped at the repose angle regardless of degradation state, a substrate inferred to be brecciated and contain abundant fine-grained sediment, and rimless craters with preserved ejecta, all suggest long-term mass wasting creates some rimless morphologies. Airfall deposition/redistribution may mask additional crater rims and deflate fine-grained talus from crater walls, thereby working with limited fluvial activity to sustain mass wasting. Regardless, drainage character in SIL implies that runoff was short-lived, occurred from local sources, and was not derived from precipitationinduced runoff since the Hesperian. This conclusion does not preclude a more dominate role by fluvial degradation during Noachian times; however, the signature of any such activity is not preserved in 
